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Background:  Early  childhood  is  characterized  by dramatic  gains  in emotion  regulation  skills  that  support
social adjustment  and  mental  health.  Understanding  the  physiological  substrates  of  healthy  emotion
regulation  may  offer  new  directions  for altering  trajectories  toward  initiation  and  escalation  of  substance
abuse.  Here,  we describe  the  intersections  between  parasympathetic  and  sympathetic  tone,  emotion
regulation  and  prosocial  behavior  in  a  high-risk  sample  of  preschoolers.
Method:  Fifty-two  3–6 year  old  children  completed  an  assessment  of  attention  regulation  in  response
to  affective  stimuli.  Cardiac  respiratory  sinus  arrhythmia,  an  index  of parasympathetic  tone,  and  pre-
ejection  period,  a marker  of  sympathetic  activation,  were  recorded  at rest  and  while  children  engaged
in social  interactions  with  their  mothers  and  an  unfamiliar  research  assistant.  Mothers  reported  on
children’s  emotional  reactivity  and  prosocial  behavior.
Results:  Controlling  for age  and  psychosocial  risk,  higher  parasympathetic  tone  predicted  better  attention
regulation  in  response  to angry  emotion  and  higher  levels  of  prosocial  behavior,  whereas  a reciprocal
pattern  of  higher  parasympathetic  tone  and  lower  sympathetic  arousal  predicted  better attention  in
response  to positive  emotion  and  lower  emotional  reactivity.  Children  exposed  to  fewer  risk  factors  and
higher  levels  of  maternal  warmth  were  more  able  to  sustain  a  high  level  of  parasympathetic  tone  during
interaction  episodes.
Conclusions:  Findings  suggest  that  autonomic  measures  represent  biomarkers  for socio-emotional  com-
petence  in young  children.  They  also  point  to  the  importance  of early  experiences  in  the  establishment
of  physiological  regulation  and  the  promise  of  family-based  intervention  to  promote  healthy  emotion
regulation  and  prevent  substance  dependence  in high-risk  populations.
© 2016  University  of  Kentucky  Center  for  Drug  Abuse  Research  Translation.  Published  by Elsevier
Ireland  Ltd.  This  is an  open  access  article  under  the CC  BY-NC-ND  license. Introduction
In theories of developmental psychopathology, the strategies
hildren use to overcome early developmental milestones become
art of their personalities, guiding habitual responses to challenges
cross the lifespan. Children exposed to early adversity, includ-
ng household stress, poverty, violence and maltreatment, are at
ncreased risk for psychiatric morbidity, early drug use and sub-
tance dependence (Blanco et al., 2013; Chassin et al., 2013; Enoch,
∗ Corresponding author at: Department of Counseling Psychology and Human
ervices, University of Oregon, United States.
E-mail address: eskowron@uoregon.edu (E.A. Skowron).
ttp://dx.doi.org/10.1016/j.drugalcdep.2016.01.033
376-8716/© 2016 University of Kentucky Center for Drug Abuse Research Translation. Pu
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).(http://creativecommons.org/licenses/by-nc-nd/4.0/).
2011; Sitnick et al., 2014). Moreover, higher levels of childhood
adversity predict greater levels of dependence in adult substance
users (Banducci et al., 2014). To understand heterogeneity in these
outcomes and enhance preventative strategies, it is necessary to
take a lifespan approach, focusing on the etiological mechanisms
that progressively canalize some children’s development along
these poor trajectories while other children remain resilient. Here,
we focus on a critical developmental skill that typically begins to
develop in early childhood, the ability to manage and effectively
respond to emotion.Emotion regulation is a multi-dimensional construct incorpo-
rating both the ability to modulate one’s own  emotional arousal and
intensity, and the recognition of and socially appropriate response
to others’ emotions (Thompson, 1994). Theories of emotion reg-
blished by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND
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lation stress the importance of both bottom-up processing of
motional cues and top–down regulation of attention toward these
ues (Cole et al., 1994). That is, both the experience of emotion and
se of strategies to regulate emotions reﬂect adaptive responses of
he organism to his/her environment (Kim and Cicchetti, 2010).
motion regulation is also an important dimension of interpersonal
ompetence, allowing an individual to gauge and adjust his/her
evel of emotional expressiveness according to social demands
nd expectations (Denham et al., 2003; Jones et al., 2013). Indeed,
eﬁcits in emotion regulation are a hallmark of psychopathology
nd, as emphasized throughout this volume, invariably accompany
ubstance dependence (Aldao et al., 2010; Berking et al., 2011;
orard et al., 2008).
The preschool years are a time of dramatic improvement in chil-
ren’s ability to regulate their emotions (Kopp, 1989). During these
ears, youngsters shift from being primarily co-regulated in the
ontext of close caregiver–child interactions to showing increased
apacity for autonomous regulation (Cole et al., 1994). They become
ore proﬁcient at recognizing expressions such as anger, fear and
urprise (Smith and Walden, 1998). They also make gains in lan-
uage skills that enable them to label emotions and better articulate
nd understand feedback regarding their own and others’ emo-
ional states. Between 3 and 4 years of age, children become able
o successfully navigate tasks that involve taking the perspec-
ives of others (Carlson et al., 2013; Wimmer  and Perner, 1983).
otably, the preschool period is also characterized by marked
rowth in higher-order cognitive control competencies (e.g., work-
ng memory, inhibitory control) that allow children to manage and
oordinate attentional and behavioral responses to competing neu-
al and sensory inputs (Clark et al., 2012; Garon et al., 2008). The
onvergence of these new skills enables children to implement
omplex strategies for managing emotion that foster their ability
o engage in socially appropriate, empathic peer interactions by the
ime they reach kindergarten (Denham et al., 2003; Stansbury and
igman, 2000).
Theory and research suggest that the environment plays a crit-
cal role in shaping these emotional competencies (Blandon et al.,
008; Feng et al., 2008). In infancy, primary caregivers act as emo-
ional regulators through their responses to infant cues (Stern,
977). Early caregiver–child interactions provide a training ground
or emotion recognition and modulation: parents model, shape
nd reinforce children’s emotional responses and act as supports
n times of emotional arousal (Eisenberg et al., 2009; Thompson,
994; Tronick, 1989). Accordingly, sensitive, warm and respon-
ive parenting is associated with more effective emotion regulation
n young children, whereas harsh, negative and physically abu-
ive parenting is associated with poor emotion regulation and
ysregulated attention in the face of negative emotion (Calkins
t al., 2001; Hastings et al., 2008; Maughan and Cicchetti, 2002;
ollak et al., 2005). More broadly, chronic exposure to environmen-
al stress, unpredictability, and a negative emotional climate may
ead children to develop ineffective or atypical regulatory strate-
ies (Morris et al., 2007). Not only are children exposed to such
tress more likely to encounter caregivers who  provide models
f ineffective emotion regulation, but chronic activation of phys-
ological stress response systems may  alter biological set-points
or arousal, compromise the integrity of these systems, and con-
ition atypical responses to emotional challenge or threat (Evans
nd English, 2002; Evans, 2003; Nederhof et al., 2015). In a recent
euroimaging study with adults, for example, childhood poverty
as associated with reduced neural responses in brain regions
hat are central to emotion regulation—the dorso- and ventrolat-
ral prefrontal regions (Kim et al., 2013). Importantly, the relation
f childhood poverty to neural activation in these core emotional
rocessing networks was mediated by chronic early stress expo-
ure. Taken together, studies provide compelling evidence that aependence 163 (2016) S60–S69 S61
child’s environment shapes his/her bio-behavioral responses to
emotion, with cascading implications for social competence and
mental health.
Although there is widespread recognition of the importance
of emotion regulation for healthy development, the construct has
proven difﬁcult to measure at a behavioral level, particularly dur-
ing the preschool period when children’s regulatory skills are just
emerging and emotional expression may ﬂuctuate rapidly from one
moment the next. Consequently, some researchers have employed
physiological measures as indices of emotional arousal and regula-
tion. In Porges’ (1995) polyvagal theory, the distinct branches of the
mammalian autonomic nervous system evolved to serve different
adaptive needs. The sympathetic nervous system, Porges contends,
is a phylogencally ancient system that theoretically mobilizes the
body’s resources for ﬁght or ﬂight. Pre-ejection period (PEP), a
measure of the time window between the depolarization of the
cardiac ventricles to the opening of the aortic valve, is thought to
capture this sympathetic inﬂuence, with shorter PEP indicative of
greater sympathetic activation and accelerated heart rate (Alkon
et al., 2003; Stern et al., 2001). The parasympathetic system is a
more recently evolved system that theoretically supports effective
social engagement, warmth, and proximity through the regulation
of attention and the control of muscles involved in facial expres-
sions that facilitate social engagement and communication (Porges,
1998, 2001). Respiratory sinus arrhythmia (RSA), a measure of
beat-to-beat variability in heart rate across the respiration cycle,
provides an approximation of the parasympathetic inﬂuence of the
vagus nerve on the heart. Via its connections to the heart’s sinos-
triatal node, the myelinated vagus presumably is able to inhibit
sympathetic activation, conserve metabolic resources, and pro-
mote calm and self-soothing in non-threatening contexts (Porges,
2007). Through dynamic engagement or withdrawal of vagal inﬂu-
ence on heart rate, the parasympathetic system can respond quickly
to changing demands for vigilance or socio-emotional engagement.
Importantly, the vagus has numerous afferent and efferent inputs
from areas in the limbic system and ventromedial frontal cortex
that are fundamentally involved in emotion regulation (Berntson
et al., 2007; Thayer and Lane, 2000).
Recent meta-analytic ﬁndings provide support for polyva-
gal theory, showing that higher resting RSA is associated with
increased levels of empathy, positive emotional expression and
sustained attention, whereas lower resting RSA is associated with
higher levels of disruptive and aggressive behavior (Graziano and
Dereﬁnko, 2013). Moreover, in a few recent studies, these associ-
ations have proven quite speciﬁc, with RSA relating to children’s
emotional or reward-related regulation as opposed to measures of
cognitive control in non-emotional contexts (Conradt et al., 2014).
Although there has been considerably less attention to sympathetic
inﬂuences on emotion regulation early in life, low sympathetic
activation appears to confer risk for antisocial behavior, attention
deﬁcits and reward insensitivity (Beauchaine et al., 2013; Crowell
et al., 2006; Mun˜oz and Anastassiou-Hadjicharalambous, 2011),
whereas high sympathetic activation is associated with anxious and
inhibited behavior (Scarpa et al., 1997).
Studies have seldom considered the additive or interactive
inﬂuence of parasympathetic and sympathetic branches of the
autonomic nervous system in young children, an important over-
sight given that the two systems can act independently and that
both systems inﬂuence heart rate (Alkon et al., 2003; Cacioppo
et al., 1994; Quigley and Stifter, 2006). Berntson et al. (1991)
proposed that the autonomic system can act in one of ﬁve
ways: (1) reciprocal parasympathetic activation is characterized
by parasympathetic activation coupled with sympathetic with-
drawal; (2) reciprocal sympathetic activation is the inverse of this;
(3) co-activation involves activation in both parasympathetic and
sympathetic systems; (4) co-inhibition involves decreased activ-
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ty in both autonomic branches, whereas (5) uncoupled activation
nvolves activation in one system that is uncorrelated with acti-
ation in the other. It is likely that these distinct patterns have
mplications for emotional dysregulation and social competence. In
 study by El-Sheikh et al. (2009), for instance, co-inhibition and co-
ctivation in response to emotion induction both were associated
ith increased problem behavior in high-risk adolescents, whereas
eciprocal parasympathetic activation was associated with the low-
st levels of problem behavior.
In sum, the establishment of core regulatory processes during
he preschool years forms the foundation for social competence,
eﬁcits in which are centrally implicated in substance use tra-
ectories (e.g., Lynne-Landsman et al., 2010). Delineation of the
hysiological correlates of emotion regulation in preschoolers fac-
ng high levels of adversity may  help to identify risk biomarkers and
nform approaches to substance abuse prevention. In this study,
e drew on polyvagal theory as a framework for understand-
ng the intersections between physiological regulation, emotional
egulation and socio-emotional competence in young children at
isk. Speciﬁcally, our ﬁrst aim was to examine the relation of
hildren’s autonomic response patterns to their emotion regula-
ion and prosocial behavior. In keeping with the proposal that
he ventral vagal system is integral to emotional regulation and
xpression, we postulated that higher parasympathetic tone (i.e.,
igher RSA) would be associated with a greater capacity to regu-
ate attention in response to emotion, reduced negative reactivity
n response to emotion and with the display of positive, prosocial
ehavior. In line with El-Sheikh et al. (2009), we also predicted
hat co-inhibition, characterized by low activation of both auto-
omic branches (i.e., low RSA and long PEP), would predict less
ptimal emotional regulation and reduced prosocial behavior. Our
econd aim was to examine the relations of children’s socio-familial
xperiences (i.e., exposure to cumulative psychosocial risk and
xperience of warm/afﬁliative parenting) to their autonomic and
ehavioral regulation of emotion. We  hypothesized that children
ith exposure to higher levels of cumulative psychosocial risk and
ower parental warmth/afﬁliation would show poorer regulation
nd lower parasympathetic tone.
. Method and materials
.1. Participants
Fifty-two mothers and their preschool-aged children from high
dversity backgrounds were recruited through Child Welfare and
arly Head Start, as well as through an ongoing study of mothers
ho had been involved with Child Welfare Services as children.
nterested mothers contacted a university-based laboratory and
ere carefully screened to ensure that they met  study inclusion cri-
eria: having primary custody of a child in the preschool age range at
he time of enrollment, no mother or child history of head trauma or
ongenital disorder, maternal age >18 years, and ﬂuency in English.
t a mean age of 30.81 (SD = 6.81) years, the majority of mothers
64.8%) were unmarried and 11.5% had not completed high school.
aternal ethnicity breakdown was 69% Caucasian, 12% Hispanic, 2%
frican American, 2% Native American, 15% Mixed/Multiple Race.
hildren had a mean age of 4.27 (SD = .88) years and 46% were male.
hild ethnicity breakdown was 56% Caucasian, 27% Hispanic, and
7% Mixed Race. This was a particularly disadvantaged sample, with
2% of mothers meeting criteria for state ﬁnancial support (i.e.,
ocial security, food stamps, TANF, unemployment or free lunch)
nd 87% receiving state support for medical care (i.e., Medicaid,
HIP or social security). Average household income was $2207
SD = 1139) per month before taxes.ependence 163 (2016) S60–S69
2.2. Procedure
A university institutional review board approved all study pro-
cedures. Study activities were completed during a single laboratory
visit lasting approximately 3 hours . After mothers had provided
written informed consent, both mother and child were ﬁtted with
three disposable Bionomadix electrocardiogram (ECG) electrodes
in a modiﬁed Lead II placement that included the right clavi-
cle, lower left rib cage and lower right abdomen. Eight additional
electrodes were placed in a tetrapolar conﬁguration of electrode
pairs on either side of the neck and the sternum to record cardiac
impedance. These electrodes transmitted continuous ECG data via
a Biopac MP-150 wireless system (BioNomadix, Biopac) at a sam-
pling rate of 1000 Hz. A research assistant monitored physiological
signals from a separate room throughout the session to ensure data
integrity.
After a cardiac signal had been established, dyads were seated
separately in a dimly-lit room and encouraged to relax while
they watched a 5 min  relaxing video (“Baby Einstein”). This pro-
vided resting baseline measures for both RSA and PEP. Following
the baseline recording, children participated in two joint interac-
tion episodes of identical format, administered in counterbalanced
order across families (based on Fries et al., 2005). One joint interac-
tion was completed with the mother. The other was conducted with
an unfamiliar female research assistant. For each joint interaction,
the child was  seated on the adult’s lap in front of a computer mon-
itor. The monitor provided instructions for a series of interactive
activities for the dyad to complete, including counting each other’s
ﬁngers, pointing to parts of each other’s faces (i.e., nose, hair, ears)
and whispering a story to each other. All instructions were pre-
sented for ﬁxed time intervals and the story told by the research
assistant was always the same.
After completing the joint interactions, mothers and children
each completed a series of tasks in separate rooms. The child tasks
were administered in a ﬁxed sequence interspersed with 1 min rest
periods. Regular breaks and snacks were provided. Mothers com-
pleted questionnaires and interviews during the break intervals
and/or at the end of the laboratory session. Mothers were paid upon
completion of the visit and children received stickers and toys as
compensation for their participation in the study.
2.3. Measures
2.3.1. Cumulative psychosocial risk index. Mothers completed
a comprehensive demographic interview including questions
regarding socio-demographic circumstances, ﬁnancial and residen-
tial stressors and stressful life events. Based on their responses, we
calculated a multi-measure index of cumulative risk across socio-
demographic, physical environment and psychosocial domains
(e.g., Evans and Kim, 2007). Risk was scored discretely as present
(1) or not present (0) for each of the following factors: (1) mother
did not complete high school, (2) mother is a single parent, and (3)
household income to needs ratio below 1.0. Additional scores of
1 were allocated if families fell into the top quartile for questions
regarding of the following stressors: (4) household crowding and
(5) housing problems (6) parent–child separation events, (7) family
turmoil events, and (8) exposure to violence. Scores were summed
to create a cumulative risk index ranging from 0 to 8.
2.3.2. Autonomic physiology. Complete cleaning and processing of
ECG and cardiac impedance data was  performed ofﬂine using Mind-
Ware 3.10 software (MindWare Technologies, Ltd., Gahanna, OH).
Trained research assistants visually inspected all data to ensure that
R spikes were conclusively identiﬁed. The cardiac impedence wave
provided an estimate of respiration and was used to ensure that
the frequency of respiration was within the range necessary for
C.A.C. Clark et al. / Drug and Alcohol Dependence 163 (2016) S60–S69 S63
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Table 1
Descriptive statistics for child autonomic measures, child task performance and
maternal ratings of child behavior.
Mean SD Minimum Maximum
Child autonomic measures
Baseline RSA 6.24 1.23 3.89 9.74
Baseline PEP 88.69 8.28 70.80 103.10
RSA  joint task with mom  5.68 .98 2.97 8.50
RSA  joint task with RA 5.80 1.09 2.61 8.72
PEP  joint task with mom  89.55 8.67 70.10 106.8
PEP  joint task with RA 89.14 8.57 69.00 103.38
Child emotional regulation
Oddball task happy blocks d’ 1.69 1.04 0.13 3.56
Oddball task angry blocks d’ 1.61 0.69 0.12 2.60
CBCL emotional reactivity 4.04 3.17 0.00 13.00
SASB child prosocial behavior 139.11 46.46 −8.62 207.86
Socio-familial contextappy Emotional Oddball Task trials.
ote: Estimates are based on RSA and PEP scores >1 SD above and <1 SD below the
ean.
SA calculation (Berntson et al., 2007). The RSA data were Fast-
ourier transformed to decompose component frequencies, with
he frequency band set to .24–1.04 Hz for children to capture high
requency variability. Spectral densities were computed from 30 s
pochs (Berntson, 1997). PEP was calculated by superimposing the
CG on the 30 s ensemble average of the impedance wave (deriva-
ive of the Z0 wave) and calculating the time between the Q point
n the ECG and the B point on the impedance wave (Lozano et al.,
007). Trained research assistants entered the electrode distance
nd visually inspected the all data to ensure that the Z and R wave
oints identiﬁed by MindWare software did not deviate substan-
ially over the course of successive intervals and that calculated
EP was within a feasible range (80–130 s). The RSA and PEP val-
es for each 30 s epoch were averaged for the resting baseline,
aternal–child joint interaction and examiner–child joint interac-
ion tasks, respectively. Scatter plots were used to ensure that RSA
nd PEP data were normally distributed. Complete RSA data were
vailable for 90% of children and PEP was available for 94% of the
other–child episodes and 92% of the researcher–child episodes,
ith remaining data unable to be scored due to artifact, inability to
alculate RSA or PEP, or equipment failure.
.3.3. Behavioral measures.
.3.3.1. Emotion regulation. An Emotional Oddball Task (adapted
rom Pollak et al., 2001), programmed in E-prime, provided a mea-
ure of attention regulation in response to emotional stimuli. In
locks 1 and 4, children were instructed to press a button in
esponse to happy faces and inhibit responses to neutral or angry
motions, whereas in blocks 2 and 3, children were instructed to
espond only to angry faces. Faces were chosen from the NIM-
TIM (Tottenham et al., 2009) facial stimulus set and were equated
or the number of open and closed-mouth expressions. Based on
ilot data suggesting that young children were unable to respond
t quicker presentation rates, stimulus presentation was set at 1 s
ith an inter-stimulus interval of 250 ms.  Blocks 1 and 2 each
onsisted of 18 trials with happy and angry expressions occur-
ing with equal frequency. Blocks 3 and 4 consisted of 20 trials
ach (8 neutral faces, 8 go trials and 4 non-target emotions). The
ask showed good reliability in this sample (Cronbach’s  ˛ = .88;
pearman Brown split half = .76). The dependent variable was  d’
standardized hits-false alarms) averaged across the happy and
ngry blocks respectively. Although task accuracy and d’ were
ighly correlated (r = .82, p < .001), d’ was selected on the basis that
t takes into account that children can achieve relatively high accu-Cumulative risk score 3.02 1.79 .00 7.00
SASB maternal warmth/afﬁliation 152.11 39.06 −.54 143.25
racy even when they incorrectly respond to all non-target stimuli.
Data for 5 children were excluded because their d’ values were
below 0, suggesting that they had misunderstood the task.
2.3.3.2. The child behavior checklist (CBCL; Achenbach and Rescorla,
2000). Emotional Reactivity Scale was used to assess children’s emo-
tional reactivity. The CBCL is a diagnostic checklist designed to
identify symptoms of psychopathology in young children. The Emo-
tional Reactivity scale includes items such as, “rapid shifts between
sadness and excitement” or “sudden changes in mood or feelings”.
Items are rated on a scale of 0 (not true) to 2 (very/often true). The
CBCL is one of the most widely used measures of child behavior
problems and its 7-factor structure has been validated in interna-
tional samples (Ivanova et al., 2010). Test re-test reliability over 8
days for the normative sample was .87 and inter-rater agreement
for mothers and fathers was .64 (Achenbach and Rescorla, 2000).
Chronbach’s  ˛ in our sample was .77.
2.3.3.3. Prosocial behavior. Mothers rated their children’s levels of
prosocial warmth/afﬁliation using the Structural Analysis of Social
Behavior (SASB)—Intrex scale (Benjamin, 2000). The SASB is a com-
prehensive circumplex model of interpersonal behavior, with the
left–right warmth/afﬁliation dimension ranging from hate/attack
to active love and afﬁliation (Benjamin, 1974). The SASB circumplex
model has been validated in clinical and non-clinical popula-
tions (Lorr and Strack, 1999; Monsen and von der Lippe, 2007;
Pincus et al., 1998) and the Intrex scales used in this study show
good internal consistency (Benjamin, 1974; Lorr and Strack, 1999).
Ratings are completed on a scale of 0 (never/not at all) to 100
(always/perfectly). Here, we  used the intransitive surface, which
reﬂects typically child-like responses toward others.
2.3.3.4. Maternal warmth/afﬁliation. Mothers also rated their own
levels of warmth and afﬁliation toward their child on the SASB-
Intrex using the transitive surface, which reﬂects behavior directed
toward the child.
2.4. Statistical methods
Data analysis was  performed in SAS 9.3 and SPSS 19 and involved
four major phases. In phase 1, we  examined descriptive statistics
and physiological responses to the joint interaction episodes. In
phase 2, we used robust regression analysis with M estimation
(Huber, 1973) to examine the predictive relations of cumulative
psychosocial risk, baseline RSA and baseline PEP to measures of
emotional regulation and prosocial behavior. Robust regression
S ohol Dependence 163 (2016) S60–S69
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rovides a useful alternative to ordinary least squares regression,
articularly in small sample sizes, because it down-weights the
nﬂuence of outliers on parameter estimates (Rousseeuw and Leroy,
987). Interactions were tested by multiplying the centered RSA
nd PEP variables and entering these into the regression models.
odels were constructed using a backwards trimming approach,
ith  ˛ set at .05. In phase 3, we examined the relation of autonomic
eactivity, measured during the joint interaction tasks, to mea-
ures of child emotion regulation and prosocial behavior. RSA and
EP measures collected during the joint interaction episodes were
ntered into robust regression models simultaneous with baseline
SA and PEP scores. Here, pertinent model estimates reﬂect the
redictive value of joint episode RSA or PEP scores over and above
cores collected during the resting baseline period. In phase 4, we
xamined the relations of (a) cumulative psychosocial risk and (b)
aternal warmth/afﬁliation to children’s baseline RSA and PEP, as
ell as to RSA and PEP responses to the joint episodes. For the lat-
er models, the familial factors were entered after accounting for
aseline RSA and PEP, with the joint task RSA and PEP scores used as
ependent variables. Child age was covaried in all analyses, as it is
elated both to vagal measures and to attention task performance.
. Results
.1. Descriptive analysis of cardiac physiology and behavioral
easures
Table 1 provides the descriptive statistics for all measures
ncluded in analyses. Of note, paired samples t-tests indicated that
hildren generally showed an expected drop in average RSA rela-
ive to baseline when interacting with their mothers [t(47) = 6.39,
 < .001] and with the unfamiliar research assistant, t(47) = 5.08,
 < .001. PEP, on the other hand, showed only a trend toward an
ncrease during the joint task with mothers [t(48) = 1.71, p = .093]
nd showed no signiﬁcant change during the joint episode with the
esearcher relative to baseline, t(47) = −1.15, p = .256.
.2. Intersections between resting parasympathetic and
ympathetic tone and children’s emotion regulation
Table 2 shows the correlations of RSA and PEP values collected
uring the baseline rest and joint task episodes with all child out-
ome variables. The relations of baseline RSA and PEP to each of the
ehavioral outcomes were assessed using a series of robust regres-
ion models. Cumulative psychosocial risk scores did not predict
erformance on any emotion regulation measure. After accounting
or child age and cumulative risk, resting RSA and PEP scores inter-
cted to predict children’s performance on the happy blocks of the
motional Oddball task, EstRSA (SE) = .02 (.11), p = .84, EstPEP = .03
.02), p = .12, EstRSA × PEP = .05 (.02), p = .009; R2 = .37. This interaction
s illustrated in Fig. 1, which shows that children with a recip-
ocal parasympathetic activation pattern, characterized by higher
aseline parasympathetic tone and lower baseline sympathetic
ctivation, were better able to attend and respond to positive emo-
ional stimuli. Conversely, children who showed a co-activation
attern of high parasympathetic tone coupled with high sympa-
hetic activation performed less well on the happy trials of this
motion regulation task.
For the angry blocks of the emotion regulation task, there were
o interactions between RSA and PEP. However, there was  a main
ffect of RSA. Speciﬁcally, children with higher baseline RSA were
etter able to discriminate angry emotions, Est (SE) = .20 (.07),
 = .004, R2 = .48. In sum, ﬁndings for this emotion regulation task
ndicate that children who show greater parasympathetic tone are
etter able to focus attention in response to negative, angry emo-Fig. 3. Quadratic relation of resting RSA to child prosocial behavior.
tion, whereas children who display a reciprocal pattern of high
parasympathetic tone coupled with low sympathetic activation are
better able to focus attention in response to positive emotion.
Another signiﬁcant interaction emerged for maternal reports
of children’s emotional reactivity on the CBCL. As illustrated in
Fig. 2, here again, high baseline parasympathetic tone was  most
optimal when accompanied by low baseline sympathetic activa-
tion, as children with this pattern of reciprocal parasympathetic
activation showed the lowest levels of emotional reactivity, EstRSA
(SE) = −.74 (.29), p = .007, EstPEP = .09 (.04), p = .03, EstRSA × PEP = −.11
(.05), p = .01; R2 = .40. Conversely, children with a co-inhibition pat-
tern, characterized by low parasympathetic and low sympathetic
activation, were rated by their mothers as most emotionally reac-
tive.
Finally, in terms of children’s prosocial behavior, there was
a quadratic effect of RSA, EstRSA (SE) = 15.05 (5.07), p = .003,
EstRSA × RSA (SE) = −9.39 (2.86), p = .001 (see Fig. 3). That is, chil-
dren with the lowest baseline RSA scores showed the lowest
levels of prosocial behavior, whereas children with moderately
high baseline RSA showed the highest levels of prosocial behavior.
Overall then, higher RSA and a pattern of reciprocal parasympa-
thetic activation were associated with better emotion regulation
and increased levels of prosocial behavior in this preschool sample.
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Table  2
Correlations between autonomic measures, behavioral measures of child emotion regulation and prosocial behavior, and socio-familial characteristics.
Episode
Baseline RSA Baseline PEP RSA with mom  PEP with mom RSA with RA PEP with RA
Oddball task happy blocks d’ .05 .30 .07 .18 .14 .25
Oddball task angry blocks d’ .44** −.15 .35* −.20 .42** −.20
CBCL  Emotional reactivity −.22 .27† −.28† .40** −.25 .37*
SASB Child prosocial behavior .30† .06 .39* .10 .38* .02
Cumulative risk .14 .01 −.04 .01 −.02 .02
SASB  Maternal warmth/afﬁliation .02 .25 .18 .29† .05 .27†
RSA: Respiratory sinus arrhythmia; PEP: Pre-ejection period; RA: Research assistant.
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.3. Autonomic responses to social interaction, emotion
egulation and prosocial behavior
The correlations in Table 2 indicate that there were some asso-
iations between children’s RSA and PEP scores collected during
he social interaction episodes and their levels of emotion regula-
ion, emotional reactivity, and prosocial behavior. In the next set of
nalyses, we  examined whether autonomic reactivity during social
nteractions with mother and with a female research assistant was
elated to each of these socio-emotional outcomes. Speciﬁcally, we
xamined the relation of residual RSA and PEP scores during social
nteraction to children’s emotion regulation and prosocial behav-
or after accounting for child age, cumulative risk and baseline
SA and PEP scores. Controlling for baseline RSA and PEP, children
ith lower parasympathetic tone [Est (SE) = −4.81 (2.21), p = .030]
nd those with lower sympathetic activation [Est (SE) = .82 (.26),
 = .001] during the maternal–child joint episode were rated by
heir mothers as being more emotionally reactive. There were no
ther associations between children’s autonomic responses to joint
nteraction and their emotion regulation or prosocial behavior.
.4. Relations of children’s contextual experiences with their
utonomic regulation
In the ﬁnal set of analyses, we examined whether children’s
ocio-familial experiences, including their exposure to cumula-
ive risk and their experience of warm, sensitive interactions with
heir mothers, were associated with autonomic measures. A series
f robust linear regression models showed that cumulative risk
as not associated with child baseline parasympathetic (RSA Est
SE) = .13 (.11), p = .223) or sympathetic tone (PEP Est (SE) = −.13
.80), p = .869) after controlling for child age. However, children
ith higher levels of cumulative risk showed lower parasympa-
hetic tone during both of the joint social interaction tasks after
ontrolling for baseline RSA, Estmother–child (SE) = −.08 (.04), p = .025;
stresearchassistant–child (SE) = −.09 (.04), p = .037. This effect is illus-
rated in Fig. 4, which shows that children with greater levels of
umulative risk showed greater RSA withdrawal during the joint
nteractions with both their mothers and with strangers. Impor-
antly, follow-up scatter plots revealed that this was  a linear effect,
here children who experienced the least cumulative risk showed
SA augmentation during the joint episodes.
A similar pattern emerged in models examining the relation
f maternal warm/afﬁliative behavior to child autonomic mea-
ures. Maternal warmth was not associated with child baseline
arasympathetic (Est (SE) = .01 (.01), p = .859) or sympathetic tone,
st (SE) = −.01 (.07), p = .996. However, after accounting for baseline
SA, higher levels of maternal warmth were associated with higher
hild parasympathetic tone during the mother–child joint interac-
ion, Est (SE) = .01 (.01), p = .033. There was no relation of maternalwarmth to children’s parasympathetic tone during the joint task
with the research assistant, Est (SE) = .00 (.00), p = .426.
4. Discussion
Early-emerging deﬁcits in emotion regulation are considered a
primary risk factor for future substance dependence (Kober, 2014).
Understanding the biological substrates of emotion regulation may
therefore provide greater leverage for interventions to disrupt sub-
stance use trajectories. In this study, we  examined the physiological
correlates of emotion regulation and interpersonal competence in
a high-risk sample of preschoolers. The key ﬁndings to emerge
from the study are that children’s patterns of autonomic regula-
tion predict their competence in fundamental aspects of emotion
regulation: attention to emotional stimuli, modulating emotional
reactivity, and responding with warm,  prosocial afﬁliation toward
others. Moreover, children’s early experiences, in the form of cumu-
lative psychosocial risk and levels of maternal warmth, are reﬂected
in their patterns of physiological reactivity during social interac-
tions. These ﬁndings support current theories regarding the role
of autonomic function in emotion regulation (Porges et al., 1994;
Thayer and Lane, 2000), with important implications for prevention
science.
Higher parasympathetic tone generally emerged as a correlate
of stronger emotion regulation in this preschool sample, although
in some cases children’s levels of sympathetic activation moder-
ated this association. Children with higher resting parasympathetic
tone showed better regulation of attention in the face of negative
emotion, as measured by the angry trials of the Emotional Oddball
task, which is in keeping with several studies indicating that high
resting RSA correlates with multiple positive outcomes in children
(Beauchaine, 2001; Graziano and Dereﬁnko, 2013). With respect to
children’s ability to regulate attention to positive, happy emotion,
the picture was more complex. Here, children who  performed most
accurately during the happy trials of the Emotional Oddball task
showed a reciprocal pattern of autonomic physiology, character-
ized by higher resting parasympathetic tone and lower sympathetic
tone. Similarly, children whose mothers reported them as having
lower levels of emotional reactivity also showed this reciprocal
autonomic pattern. This pattern of high parasympathetic tone cou-
pled with low sympathetic arousal may  be particularly conducive to
emotional regulation because it signiﬁes a calm physiological state
with low heart rate that fosters an ability to focus and attend in the
context of minimal threat (El-Sheikh and Erath, 2011). Conversely,
a pattern of co-inhibition, characterized by low activation of both
the parasympathetic and sympathetic systems when at rest, pre-
dicted higher levels of emotional reactivity. In previous studies, this
co-inhibition pattern has been shown to be a vulnerability factor
for children exposed to high levels of parental conﬂict, increasing
the propensity to externalizing behavior (El-Sheikh et al., 2009).
This co-inhibition pattern may  signify a failure of both autonomic
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Fig. 4. Changes in RSA from baseline to interaction with (a) mother and (b) with a research assistant (RA) in children with low and high cumulative risk scores.
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ranches to regulate physiological homeostasis, leading to deﬁcient
motion regulation.
There was also a positive relation between parasympathetic
one and prosocial behavior, although this relation was U-shaped,
here children with moderately high resting RSA were rated as
ost prosocial. This positive association between RSA and proso-
ial behavior is in keeping with theoretical postulations that vagal
one is particularly important for interpersonal behavior and that
t allows for sustained attention in the context of safe social inter-
ctions (Porges and Furman, 2011; Porges, 2001). In a set of studies
ith adults, Kogan et al. (2014) also found evidence for a U-
haped relation of vagal reactivity to prosocial behavior (see also
eauchaine et al., 2007; Marcovitch et al., 2011 for similar quadratic
elations to RSA withdrawal). Kogan et al. (2014) contend that
ome degree of sympathetic arousal (i.e., moderate parasympa-
hetic tone) is necessary to effectively demonstrate empathy for
thers while maintaining a calm, attentive state. This may  be a
lausible explanation for our results as well.
Contrary to expectations, cumulative psychosocial risk did
ot relate to performance on any of the behavioral measures of
motion regulation. However, children exposed to fewer risk fac-
ors and to higher levels of maternal warmth maintained higher
evels of parasympathetic tone in response to the joint interac-
ion episodes, whereas greater risk exposure predicted greater
arasympathetic withdrawal during social interaction. In sum,
ifferent social experiences were associated with different phys-
ological regulation strategies during social interaction. There are
pposing ﬁndings regarding parasympathetic reactivity, with some
tudies suggesting that parasympathetic withdrawal during labo-
atory tasks reﬂects a positive, adaptive response to challenge and
thers suggesting that excessive parasympathetic withdrawal is
ndicative of dysregulation (Beauchaine, 2015; Calkins and Keane,
004). In safe interpersonal environments, however, polyvagal the-
ry would suggest that high parasympathetic tone is conducive
o increased social engagement, whereas parasympathetic with-
rawal may  reﬂect greater physiological arousal and an anxious or
efensive stance. Consistent with these assumptions, our data indi-
ate that a predictable, warm and safe home environment likely
upports higher levels of parasympathetic tone during social tasks,
hereas less predictable, high-risk environments may  condition a
ore reactive, vigilant approach to social interaction.
Findings have important implications for drug abuse preven-
ion. Children who lack effective regulatory skills are more likely
o experience early academic and behavioral problems, entering
chool with deﬁcits that tend to grow larger over time as they faller risk factors) cumulative risk scores. Error bars represent standard errors of the
evels of cumulative risk showed a greater drop in RSA during the social interaction
further behind their peers (Espy et al., 2011; La Paro and Pianta,
2000 La Paro and Pianta, 2000) and putting them on a trajectory
of heightened risk for early onset drug and alcohol abuse problems
(Hawkins et al., 1992). Indeed, in one study, deﬁcits in preschool
self-regulation, including high emotional lability and low frustra-
tion tolerance, predicted higher substance use in adulthood (Mofﬁtt
et al., 2011). There is some suggestion too that adults with sub-
stance dependence exhibit reduced resting parasympathetic tone
(Ingjaldsson et al., 2003) and that reduced parasympathetic tone in
these adults is associated with less ability to modulate alcohol crav-
ing (Eddie et al., 2014; Quintana et al., 2013). In addition, blunted
sympathetic response to reward has been related to increased rates
of substance use in adolescents (Brenner and Beauchaine, 2011;
Evans et al., 2013). Of course, longitudinal studies will be necessary
to determine whether patterns of autonomic function in preschool-
ers represent risk biomarkers for future substance dependence.
However, the current study represents an important ﬁrst step in
establishing these associations, as it suggests that emotion regu-
lation has a physiological signature as early as the preschool years
and that children from households with higher levels of risk already
show deviations in their physiological response patterns.
The relation of environmental factors to children’s physiolog-
ical responsiveness in our study also suggests that there may  be
some leverage in family-based interventions to promote physio-
logical regulation and prevent early initiation of substance use. In
one set of studies, lower baseline RSA predicted greater respon-
siveness to parent–child interaction training (Bagner et al., 2012;
Graziano et al., 2012). Conceivably, there is scope for incorporat-
ing autonomic metrics into the process of parent–child interaction
coaching through real-time visualization of child physiological
activity in response to parent–child interactions. Such real-time
feedback might be useful in tailoring parent behavior to child lev-
els of arousal. Others have incorporated autonomic measures into
kindergarten- based interventions to reduce externalizing behav-
ior, ﬁnding that vagal tone predicts children’s responsiveness to
intervention (Beauchaine et al., 2013; Gatzke-Kopp et al., 2013).
While these studies hint at the utility of autonomic measures as
moderators or end-points for intervention, our ﬁndings suggest
that additional consideration of sympathetic markers will be rele-
vant in the future, as parasympathetic and sympathetic tone jointly
predicted different patterns of socio-emotional competence and
emotion regulation in our high-risk sample.
Findings should be interpreted with the caveat that the sam-
ple is small and the majority of the sample was  facing signiﬁcant
economic and familial challenges. To fully determine the relation
hol D
o
r
w
s
m
t
c
2
i
r
i
a
a
p
i
c
c
e
a
l
f
c
A
a
c
p
r
a
e
C
A
I
a
P
L
s
a
i
w
r
R
A
A
A
BC.A.C. Clark et al. / Drug and Alco
f environmental risk to children’s emotion regulation, we would
equire greater variability in exposure to adverse experiences. Even
ithin this relatively constrained sample, though, autonomic mea-
ures related meaningfully to child risk exposure and outcome
easures. Additionally, we did not measure respiration directly in
his study and there have been suggestions that respiration may
onfound the measurement of parasympathetic tone (Denver et al.,
007). Finally, we focused here on physiological data from the rest-
ng baseline and joint interaction episodes. Although physiological
ecordings during children’s attention task performance are pend-
ng, it is likely that there will be a greater loss of data for tasks
dministered later in the assessment session.
This study is unique in its consideration of both sympathetic
nd parasympathetic contributions to emotion regulation in the
reschool period. Critically, the study demonstrates the intersect-
ng implications of these systems for children’s emerging emotional
ompetence. Emotion regulation forms the cornerstone of social
ompetence and has been implicated repeatedly in pathways to
arly substance use. Interventions that target autonomic reactivity
nd enable children to meet the developmental challenge of estab-
ishing healthy emotion regulation strategies offer great promise
or fostering resilience and preventing substance dependence in
hildren at risk.
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